Ion channels govern the firing properties of neurons (Catterall 1988; Yaari and Beck 2002) . The hyperpolarization-activated, cyclic-nucleotide gated (HCN) channels conduct I h , a current important in maintenance of neuronal resting membrane potential and in governing neuronal response to network input (Maccaferri and McBain 1996; Lüthi and McCormick 1998; Magee 1999; Santoro and Baram 2003) . The functions of these channels are regulated at several levels: In addition to cAMP-mediated short-term alteration of biophysical properties of existing channels, activity-dependent transcriptional changes of these channels have been delineated. Thus, normal and pathological network activity increased (Fan et al. 2005) or reduced (Bräuer et al. 2001; Brewster et al. 2002) HCN1 expression, and increased HCN2 mRNA levels (Brewster et al. 2002) . At the posttranslational level, activity has been shown to influence trafficking of the HCN1 channel to axonal compartments , as well as to the distal dendrites (Shin and Chetkovich 2007) . HCN channel molecules themselves contain sites for glycosylation (Proenza et al. 2002; Much et al. 2003) and phosphorylation (Poolos et al. 2006) , and modulation of channel phosphorylation and glycosylation influence, respectively, their biophysical properties and their membrane insertion in heterologous systems (Much et al. 2003; Poolos et al. 2006 ).
An additional means for modulating the function of the HCN channels is via molecular rearrangements of channel isoforms (Much et al. 2003; Robinson and Siegelbaum 2003; Santoro and Baram 2003; Strauss et al. 2004; Brewster et al. 2005) . HCN channels are tetramers and, in heterologous systems, HCN1, 2, 3, and 4 co-associate widely in almost all possible combinations (Much et al. 2003) . In contrast to heterologous systems, heteromerization seems to be restricted in hippocampal tissue (Brewster et al. 2005) and is markedly enhanced by network activity bursts (seizures). This apparent increased formation of heteromeric channels is associated with altered properties of the resulting I h , significantly enhancing network excitability (Chen et al. 2001a; Simeone et al. 2005) . Therefore, it is important to understand how activity promotes HCN1 isoform heteromerization with HCN2 channels, yet the means by which activity enhances formation or stabilization of heteromeric HCN1/HCN2 complexes have remained unclear. One broad possibility is that the reduced HCN1/HCN2 ratio generated by the transcriptional down-regulation of HCN1 channels discussed above (Brewster et al. 2002 (Brewster et al. , 2005 increases the stochastic probability that an HCN1 channel will interact with an HCN2 isoform, as described for other members of the voltage-gated K + channel superfamily (Levitan and Takimoto 1998) . Alternatively, activity-dependent modification of the HCN1 and/or HCN2 channel molecules might govern the formation, stability, trafficking, or membrane insertion of heteromeric channels.
Here, we studied activity-dependent heteromerization, focusing on the potential role of Nglycosylation in the expression of heteromeric HCN1/HCN2 tetramers in the hippocampus.
Experimental procedures

Animals
Rats used in both in vivo and in vitro experiments were products of Sprague-Dawley derived pregnant dams that were maintained in a federally approved animal facility under a 12 h light/ dark cycle (light on at 07:00) with unlimited food and water. On postnatal day 2 (P2) (date of birth = day 0), litters were adjusted to 12 pups. All experimental procedures were approved by the Animal Care Committee (University of California, Irvine, CA, USA) and carried out in accordance to National Institutes of Health (NIH) guidelines.
In vivo induction of abnormal network activity (seizures)
Seizures were induced in immature (P10) Sprague-Dawley rats using either kainic acid (KA; 1.2 mg/kg, i.p.) or hyperthermia, as previously described (Dubé et al. 2000 Brewster et al. 2002; . Briefly, KA was given into the peritoneal cavity, and animal behavior observed for the following 3 h; hyperthermia was induced using a stream of warm air directed ~30 cm above the animals. The core temperature of pups was measured prior to hyperthermia induction, at 2 min intervals and at the onset of hyperthermia-provoked seizures. Hyperthermia was maintained for 30 min resulting in seizure duration of ~24 min. Following hyperthermia, animals were moved to a cool surface for 10-15 min and then returned to their mothers. Experimental animals were compared with littermate controls.
In vitro induction of network activity bursts and organotypic slice cultures
Hippocampal slice cultures were prepared and maintained using the interface technique (Stoppini et al. 1991; Chen et al. 2004; Bender et al. 2007) . Briefly, hippocampi from P8 rat pups were dissected and cut into 400-µm slices using a McIlwain tissue chopper (Mickle Laboratory Engineering, Guilford, UK). Slices were collected in ice-cold preparation buffer (100% Minimal Essential Medium, containing 30 mmol/L glucose and 3 mmol/L glutamine, pH 7.3; Life Technologies, Rockville, MD, USA), then placed onto moistened membrane inserts (Millicell-CM, 30 mm, 0.4-µm pore diameter; Millipore, Bedford, MA, USA), transferred to sterile six-well plates filled with 1 mL pre-warmed culture medium (50% Minimal Essential Medium, 25% Hank's balanced salt solution, 20% heat-inactivated horse serum, 30 mmol/L HEPES, 30 mmol/L glucose, 3 mmol/L glutamine, 0.5 mmol/L ascorbic acid, 1 mg/mL insulin, and 5 mmol/L NaHCO 3 , pH 7.3) and incubated in a humidified, CO 2enriched atmosphere at 36°C. Seizure-like events were induced after 3 days in vitro by incubating cultures for 3 h in medium containing KA (6 µmol/L; Sigma, St Louis, MO, USA). Seizure-like events were terminated by returning cultures to normal medium. Controls were treated identically, but media were devoid of convulsants. To prevent N-linked glycosylation of proteins, tunicamycin (10 µg/mL; Sigma-Aldrich, St. Louis, MO, USA) was applied together with KA or alone, and maintained for 72 h. Tunicamycin doses were determined following a dose response as described later. Cultures were harvested by freezing on dry ice for western blot analyses, or by fixing in 4% buffered p-formaldehyde (2 h) followed by cryoprotection (25% sucrose, 12 h), and freezing, for immunocytochemistry.
Membrane preparation and de-glycosylation assay
For in vivo experiments, each sample consisted of a hippocampal extract from an individual rat. Rats were decapitated rapidly, and dissected hippocampi were immediately frozen on dry ice and homogenized in glass/Teflon homogenizers in an ice-cold solution containing 0.32 mol/L sucrose, 0.1 mol/L Tris-HCl (pH 7.4), and Protease Inhibitor Cocktail (PIC Complete; diluted according to the manufacturer's instructions; Roche, Alameda, CA, USA). For organotypic hippocampal slice cultures, each sample consisted of combined 9-12 slice cultures of the same treatment group. After homogenization, samples were centrifuged at 800 g for 10 min at 4°C and pellet discarded. The resulting supernatant was centrifuged at 16 000 g for 60 min at 4°C and the pellet containing membrane fractions resuspended in radio-immunoprecipitation assay (RIPA) buffer (50 mmol/L Tris-HCl, pH 7.4, 1% NP-40 (Fluka Chemicals, Buchs, Switzerland), 1% Triton X-100, 1 mmol/L EDTA, 150 mmol/L NaCl, and 1x PIC). Protein concentration was determined using Bio-Rad Protein assay (Bio-Rad, Hercules, CA, USA).
De-glycosylation was carried out by first denaturing the membrane protein fraction in 50 mmol/ L β-mercaptoethanol and 0.1% sodium dodecyl sulfate (SDS) for 5 min. The mixture was then transferred to a solution composed of 20 mmol/L sodium phosphate, pH = 7.5, and 0.75% NP-40 (Fluka Chemicals). Finally 5 U of N-glycanase (EC 3.5.1.52; Prozyme, San Leandro, CA, USA) were added, and the reaction was incubated at 37°C for 2 h.
Immunoprecipitation
Equal amounts of protein from each hippocampal sample (~1 mg/mL diluted in RIPA buffer) or organotypic slice culture was pre-cleared with anti-rabbit IgG beads (eBioscience, San Diego, CA, USA) for 30 min on ice. The samples were then centrifuged at 10 000 g for 3 min. The supernatant was incubated with rabbit anti-HCN1 or anti-HCN2 serum (5 µL of 0.8 µg/ µL; Chemicon, Temecula, CA, USA) or rabbit IgG at 4°C for 1 h on a rotating device. Following incubation with primary antibodies, samples were incubated with 60 µL anti-rabbit IgG beads for 1 h at 4°C and collected in spin-filter columns. Samples were washed with RIPA + PIC (2x) followed by phosphate-buffered saline (PBS) + PIC (3x), eluted with 50 µL of 2x Laemmli buffer and processed for western blot analyses.
Western blotting
Protein samples were denatured at 70°C for 5 min in Laemmli buffer, separated on a 7.5% SDS-polyacrylamide gel electrophoresis, and visualized using the enhanced chemiluminescence ECL-Plus kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA) as described elsewhere (Brewster et al. 2005) . Briefly, following SDS-polyacrylamide gel electrophoresis, samples were transferred to polyvinylidene difluoride membranes (Amersham Pharmacia Biotech) and non-specific binding was blocked by incubation with 10% non-fat milk in PBS overnight at 4°C. Membranes were probed with rabbit anti-HCN1 or anti-HCN2 serum (1 : 1000 and 1 : 2000, respectively; Chemicon) in PBS with 5% non-fat milk overnight at 4°C followed by washes in PBS-0.1% Tween (3× 5 min). Membranes were then incubated with anti-rabbit IgG horseradish peroxidase (1 : 10 000; Amersham Pharmacia Biotech) in PBS for 1 h at 21°C. Membranes were incubated with ECL-Plus for 5 min and immunoreactive bands visualized by apposing the membranes to hyperfilm™ ECL.
Quantitative correlation of the western blots and co-immunoprecipitation of the same samples
Hippocampal culture homogenates were divided (after protein determination), and 15 µg protein was loaded for direct western blot analyses, whereas 40 µg protein was utilized for coimmunoprecipitation, to allow quantitative comparison of total HCN channels to the fraction co-immunoprecipitated with HCN2 channels. The optical density (OD) of HCN1 bands on the western blots was normalized to β-actin of the same sample and the same exposure time, thus providing the input for the portion of the HCN1 that co-immunoprecipitated with HCN2 antiserum.
Immunocytochemistry
Immunocytochemistry was performed as described previously (Brewster et al. 2002 Chen et al. 2004) . Briefly, free-floating brain or culture sections (40 µm) were collected in PBS + 0.3% Triton X-100, pre-incubated for 1 h with 3% normal goat serum/PBS + 0.3% Triton X-100, followed by incubation with a polyclonal rabbit anti-HCN1 (1 : 2500; Chemicon), a polyclonal rabbit anti-HCN2 (1 : 1500; a kind gift of Dr R. Shigemoto), or a polyclonal rabbit anti-c-fos (1 : 30 000; Calbiochem, San Diego, CA, USA) for 48 h at 4°C. After several washes, sections were transferred to secondary antibody solution (biotinylated goat-anti-rabbit IgG, 1 : 250 for HCN1/2 or 1 : 400 for c-fos) for 3 h, followed by additional washes and avidin-biotin-peroxidase complex solution (Vector, Burlingame, CA, USA) for 2 h at 21°C. Antibody binding was visualized by incubating sections in a solution containing 0.04% 3,3′ diaminobenzidine, 0.01% H 2 O 2 , 0.01% NiCl 2 , and 0.01% CoCl 2 . HCN channelantisera specificity was determined by testing against tissue from mice lacking a given HCN channels isoform (see Results). Additional control experiments included treatment of sections as above, but without primary antibodies. No immunoreactivity was observed under these conditions.
Assessment of cell injury using fluorojade
Cultures were exposed to 6 µmol/L KA for 3 h, and fixed 24 or 48 h later, sectioned (50 µm), mounted on slides, and dried. Sections from adult rats subjected to prolonged KA seizures were used as positive controls. The Fluorojade method was performed as described previously (Schmued et al. 1997; Dube et al. 2004) . Briefly, fixed, cut, and mounted organotypic slice cultures were rinsed and dehydrated in 100% and then in 70% ethanol, and pre-treated with 0.06% potassium permanganate. After rinsing in distilled water, sections were exposed to the fluorojade solution (0.001% in 0.1% acetic acid) for 30 min at 45°C. Sections were rinsed thrice in acetic acid, then dried, and coverslipped using Permount. The visualization of individual neurons with fluorojade, generally accepted to denote injury (Schmued et al. 1997; Dube et al. 2004 ) was accomplished using a fluorescence microscope and an FITC filter.
Analysis
All analyses were performed without knowledge of treatment group. Western blot data acquisition and analysis were accomplished by measuring OD of immunoreactive bands from the ECL films using the ImageTool software (UTHSCA, San Antonio, TX, USA). Significance level for unpaired t-tests and ANOVA was set at 0.05 (GraphPad Prism, San Diego, CA, USA), and data are presented as mean with standard errors.
Results
Seizures increase heteromerization of hippocampal HCN1 and HCN2 channels in vivo
In hippocampi of immature rats, co-assembly of hippocampal HCN1 and HCN2 channel subunits was increased after experimental seizures provoked by either hyperthermia or the glutamate receptor agonist KA (Brewster et al. 2005) . As shown in Fig. 1a and b, immunoprecipitation of HCN1 molecules with an antiserum directed at HCN2 was more than double in samples from seizure-experiencing rats (increased by 115.4 ± 20.4%; n = 10), although HCN2 expression levels did not change (Brewster et al. 2005) . The increased interaction among HCN1 and HCN2 molecules after seizure activity was evident also when evaluated by using an antiserum directed against HCN1 channel molecules for precipitation, and blotting for co-immunoprecipitated HCN2 channels ( Fig. 1c and d ). Seizures increased this interaction more than twofold (by 123.9 ± 48.8%; n = 5, Fig. 1d ). Note that this occurred despite a reduction in the overall expression of HCN1 channels: intensity of HCN1 immunoreactive band after seizure activity was 113.9 ± 13.9 OD, and in controls 165.6 ± 14 OD; n = 14; p < 0.01 (not shown; see also Brewster et al. 2005) . The specificity of the antisera against the HCN1 and HCN2 channels was demonstrated by the absence of immunoreactive bands of the appropriate molecular weight (MW) in hippocampal extracts from mice lacking HCN1 (Fig. 1e , left) and HCN2 (Fig. 1e, right) channel isoforms, respectively.
The efficiency of the antisera to precipitate their target HCN channel isoform was evaluated using increasing amounts of anti-HCN2 and HCN1, to determine the saturating dose. As shown in Fig. 1f , anti-HCN2 efficiency demonstrated a dose-response: using 1, 5, and 10 µL of HCN2 antiserum resulted in precipitation efficiency of the HCN2 channels of 20.4 ± 2.8%, 66.1 ± 8.1%, and 36% (n = 2), respectively. Based on this, 5 µL of this antiserum was used in these experiments.
Seizures increase the high MW fraction of HCN1-, but not of HCN2-channels, and this is a result of increased relative abundance of glycosylated channel species
Western blots of rat hippocampal extracts typically demonstrate two bands that are immunoreactive with anti-HCN1 and anti-HCN2 channel antisera (Fig 1a, Fig 2a, and 2b ; see also Brewster et al. 2005) . For HCN1, the band with a lower apparent MW (~105 kDa), corresponds to the predicted MW of the protein core, and for HCN2 channels this lower MW band migrates at an apparent MWof 100-104 kDa. For both channel isoforms, a second, 'heavier' immunoreactive band migrates at the apparent MW of ~125 kDa. Following seizure activity, the relative abundance of the apparently 'heavier' band of HCN1 was significantly increased ( Fig. 2a ; the heavy/light ratio was 1.79 ± 0.07 in controls and 2.17 ± 0.26 after seizure activity, n = 14; p < 0.01) note the lower intensity of the combined HCN1 bands after seizures, consistent with the reduced expression of this isoform (Brewster et al. 2002 (Brewster et al. ,2005 . In contrast to HCN1 channels, no significant change in the proportion of higher-MW HCN2 channels was noted after seizures ( Fig. 2b; 2 .0 ± 0.16 in controls and 1.9 ± 0.11 after seizure activity, n = 6; p = 0.6).
All HCN channel isoforms contain one potential N-linked glycosylation consensus sequence in the extracellular domain between trans-membrane domains S5 and S6 (Asn-X-Ser/Thr), and are known to be glycosylated in heterologous systems and in total brain extracts (Much et al. 2003) . Therefore, we subjected the hippocampal extracts to the de-glycosylating enzyme Nglycanase, to examine whether the apparent increase in MW of the HCN1 channel isoform following experimental seizures was a result of increased glycosylation. Treatment with this enzyme eliminated the 125 kDa band, demonstrating that the high apparent MW band was due to N-glycosylation of the channel molecules (Fig. 2c) . A similar analysis demonstrated glycosylation also of the HCN2 isoform (Fig. 2d ). Because the increase in glycosylation provoked by seizure activity was confined to the HCN1 channel isoform, we focused the next set of experiments on this subunit.
Glycosylated HCN channel molecules are preferentially heteromerized
The concomitant increase in heteromerization and in glycosylation of HCN1 channel molecules after abnormal network activity (seizures), suggested that glycosylated channel molecules may be more likely to form heteromeric complexes. We tested this possibility by comparing the MWs of HCN1 channel molecules that were engaged in homomeric versus heteromeric complexes. Figure 3 demonstrates that both low and high MW HCN1 channels were precipitated by an antiserum to HCN1 in two independent samples of hippocampal homogenates (left panels). In contrast, an antiserum selective for the HCN2 isoform precipitated preferentially the high MW HCN1 isoform (right panels). These data are consistent with the notion that glycosylated species of HCN1 engage in stable co-assembly with HCN2 channel molecules, and are thus co-precipitated with this subunit.
Whereas the data shown so far demonstrate a good correlation of glycosylation and stable heteromerization of HCN1 channels, they did not address the issue of whether glycosylation was required for the augmented number of stable heteromeric HCN1/HCN2 complexes evoked by seizure activity. In order to address this question, an in vitro system for activity-evoked heteromerization was employed.
Seizure activity increases HCN1/HCN2 heteromerization in hippocampal organotypic slice cultures
To manipulate the state of glycosylation of the HCN channels during seizure-like network activity, we employed hippocampal organotypic slice cultures. These cultures recapitulate many feature of the developing hippocampus (Stoppini et al. 1991; Bender et al. 2007 ). In the context of the current studies, the expression patterns of HCN1 and HCN2 channel isoforms in the hippocampal formation were preserved in hippocampal cultures at an equivalent developmental age ). For example, Fig. 4a shows the similar regional and subcellular distribution pattern of the HCN1 channels in native hippocampus and hippocampal organotypic cultures. In both systems, the expression of the channel in dendritic fields of area CA1 is evident. Previous work has found that seizure-like events can be generated within the preserved tri-synaptic hippocampal circuit in these cultures (Routbort et al. 1999; Richichi et al. 2007) , and does not lead to cell death (Richichi et al. 2007 ). Therefore, we examined the effects of seizure-like activity (SA) on the heteromerization of HCN1/HCN2 channels, and whether eliminating channel glycosylation in this system altered this molecular rearrangements.
Seizure-like activity, induced in organotypic hippocampal slice cultures by the application of 6 µmol/L KA for 3 h, significantly increased the co-immunoprecipitation of HCN1/HCN2 channels studied 48 h later ( Fig. 4b and c ; 96.8 ± 11.0 OD in controls and 138.1 ± 12.3 OD after seizure activity, n = 4; p < 0.05). This is consistent with the seizure-induced increased HCN1/HCN2 heteromeric complexes observed in vivo. As in the native hippocampus, coimmunoprecipitated HCN1 species were of an apparent MW (~125 kDa) consistent with their glycosylation. Indeed, treatment with N-glycanase shifted the mobility of the HCN1 immunoreactive bands to ~105 kDa (Fig. 4d ). Further dissection of the type of glycosylation moieties attached to the HCN1 protein core was carried out using Endo H (EC 3.2.1.96) , an enzyme cleaving specifically mannose chains (Plummer and Tarentino 1991) . This treatment failed to eliminate the 125 kDa band, suggesting that the majority of the glycosyl residues attached to the HCN1 protein do not consist of high mannose chains (Fig. 4d) . We then queried whether glycosylation was necessary for the enhancing effects of SA on HCN1 heteromerization.
Blocking glycosylation in vitro eliminates activity-dependent increase in HCN1/HCN2 heteromerization
To eliminate HCN channel glycosylation, cultures were grown in the presence of 10 µg/mL tunicamycin. Using the fluorojade method to assess neuronal injury (Schmued et al. 1997; Dube et al. 2004 ), Fig. 5a shows that tunicamycin did not make cultures more vulnerable upon exposure to KA, compared with cultures not treated with tunicamycin. Tunicamycin reduced HCN1 channel glycosylation in a dose-dependent manner (Fig. 5b) , and the dose used here eliminated the high MW band of HCN1 channels.
Seizure-like activity was induced in control-and tunicamycin-treated cultures, and neuronal activation was apparent from the induction of the immediate-early gene, c-fos (Fig. 5c ). Fos expression has been shown to correlate well with network activity (Labiner et al. 1993) , including seizure-like events induced by KA in hippocampal organotypic cultures (Richichi et al. 2007) . Compared with cultures that were not treated by the glutamate receptor agonist (Fig. 5c, left panel) , both tunicamycin-treated and control cultures exposed to KA exhibited robust fos expression in hippocampal principal cell layers ( Fig. 5c middle and right panels) , indicating that network activation was not compromised by the exposure to tunicamycin.
The effect of blocked HCN1 channel glycosylation on seizure-induced heteromerization are shown in Fig. 6 . Co-immunoprecipitation of HCN1/HCN2 was compared among cultures not exposed to KA and those that were treated with 6 µmol/L KA in the absence or presence of tunicamycin. In control hippocampal slice cultures, ~29% of total HCN1 channels were immunoprecipitated with HCN2 channels ( Fig. 2a and b) . The percentage of total HCN1 channels that heteromerized with HCN2 channels after 3 h of KA induced SA was increased to 38%. Tunicamycin treatment alone reduced the amount of detectable HCN1, as shown by the 'input' bands in Fig. 6a , likely because reduced glycosylation affected channel stability. Tunicamycin reduced the percentage of HCN1 channels associated with the HCN2 isoform to 21%. Importantly, treatment with tunicamycin abolished the seizure-induced increase in HCN1/HCN2 heteromerization (from 38.0 ± 2.7 in SA to 21.1 ± 3.7 in SA + tunicamycin, n = 4; p < 0.05; Fig. 6a and b) . These data demonstrate that N-glycosylation may be required for seizure-induced stable heteromerization of HCN1 channels with HCN2 isoforms, an effect significantly altering the properties of the resulting h current (Chen et al. 2001a ).
Discussion
The main findings of the current set of experiments are (i) HCN1 and HCN2 are glycosylated in brain, specifically in hippocampus; (ii) glycosylated HCN1 channels are those that heteromerize with the HCN2 subunit; (iii) SA increases heteromerization of hippocampal HCN1 and HCN2 channels in vivo and in vitro, concurrent with augmentation of the relative abundance of the glycosylated form of HCN1; and (iv) blocking HCN channel glycosylation eliminates the ability of SA to increase HCN1/HCN2 heteromerization. These data are consistent with a role for glycosylation in promoting the expression of stable heteromeric HCN channels within hippocampus, with consequences for the properties of the h current and neuronal excitability.
The studies reported here evaluated the potential role of glycosylation in the seizure-induced formation of stable heteromeric HCN channels. Glycosylation of extracellular domains of membrane proteins is common, may commence already in the endoplasmic reticulum or Golgi apparatus, and may affect protein folding, stability, routing to the cell surface, as well as function and turnover (Lennarz 1983) . The overall importance of glycosylation of membrane and secretory proteins is evident from the fact that abnormal glycosylation may lead to disease (e.g. carbohydrate-deficient glycoprotein syndromes) that provokes mental retardation or death (Carchon et al. 1999) .
Glycosylation of ion channels, molecules that govern the firing properties of neurons and neuronal networks (Yaari and Beck 2002) , has been demonstrated. For example, several members of the voltage gated K + channel superfamily, which encompasses the HCN channels, are known to be glycosylated (Shi and Trimmer 1999; Much et al. 2003) . Glycosylation of ion channels may influence their function at several levels (Thornhill et al. 1996; Bennett et al. 1997; Shi and Trimmer 1999) . In the case of the HCN channels, a role for glycosylation in trafficking and membrane insertion has been illustrated in heterologous systems (Much et al. 2003) . Indeed, it is interesting that glycosylation of a single channel isoform can rescue a nonglycosylated isoform that is engaged with the glycosylated one in a heteromeric complex, increasing its stability and membrane insertion (Much et al. 2003; Whitaker et al. 2007 ). These findings led us to query whether glycosylation played a role in the established activitydependent augmentation of stable heteromerization of the HCN1/HCN2 channel isoforms.
Hyperpolarization activated cyclic-nucleotide gated 1/2 heteromerization is restricted in native hippocampus (estimated at ~20% (Amy L. Brewster, Qinqin Zha, Tallie Z. Baram, unpublished and see Fig. 1 ). Seizure-activity markedly enhances the formation of heteromeric HCN1/HCN2 channels, and these are associated with altered properties of the h current, and hyperexcitability of the hippocampal circuit. Heteromeric HCN1/HCN2 channels may also contribute to the generation of abnormal network activity of the thalamocortical circuit, contributing to absence epilepsy (Kuisle et al. 2006) . Therefore, understanding the mechanisms of seizure-induced enhancement of HCN channel heteromerization is important. Increased heteromerization may be a passive process: seizures reduce HCN1 protein expression, increasing the ratio of HCN2/ HCN1, and thus increasing the stochastic probability that an HCN1 molecule will encounter and interact with an HCN2 channel molecule. Alternatively, seizure-induced augmented HCN1/HCN2 heteromerization might be regulated, for example via increased glycosylation of the HCN1 channels, as shown here (Fig. 2) . The glycosylated species of HCN1 channels seem to be preferentially heteromerized with the HCN2 isoform (Fig. 3) . Importantly, blocking HCN channel glycosylation by tunicamycin abrogated the increased expression of heteromeric HCN1/HCN2 complexes in hippocampal tissue after seizures. This suggests that glycosylation is mechanistically involved in this process. Glycosylation may not influence the initial, cotranslational interaction of HCN1 and HCN2 molecules (Deutsch 2002) , a process dependent on the amino acid sequence of the N-terminus of the channels (Proenza et al. 2002) . However, glycosylation probably influences the stability of HCN1/HCN2 complexes and their membrane insertion, consistent with the rescue of a non-glycosylated HCN isoform by its glycosylated heteromeric partner (Much et al. 2003; Whitaker et al. 2007) .
The mechanisms by which activity regulates glycosylation are not well established. Nglycosylation of HCN channels is a co-translational process, so that altered glycosylation of fully mature channel molecules is unlikely. In addition, the glycosylation takes place on the 'extracellular' domain of the channel, and is thus less likely to be rapidly influenced by cellular processes such as neuronal activity. A plausible alternative suggests that the seizure-induced reduction of HCN1 transcription and translation (Brewster et al. 2002 (Brewster et al. , 2005 increases the availability of glycosylating enzymes for each nascent HCN1 protein molecule. In other words, reduction of the number of HCN1 molecules going through the translation process 'frees up' glycosylation enzymes, to enhance the glycosylation of the channels that are being synthesized. In general, the overall glycosylation process is controlled by the amount and sequential availability of a large number of glycosylating enzymes (e.g. oligosaccharyl-transferase [EC 2.4.1.119] , Golgi mannosidase I [EC 3.2.1.113]) in the different Golgi compartments.
Even moderate changes in the degree of HCN1 glycosylation may impact the abundance of heteromeric HCN1 channels: The authors speculate that HCN1 glycosylation increases the stability of HCN1/HCN2 heteromers and the half-life of heteromeric channels. Therefore, overtime, even a modest increase in glycosylated HCN1 channels will lead to a cumulative, robust increase of the overall percentage of HCN1 channels that are engaged in heteromeric complexes, and conduct an h current with distinctive biophysical properties.
In summary, heteromerization of HCN1 channels leads to currents with different biophysical properties (Chen et al. 2001b; Ulens and Tytgat 2001; Simeone et al. 2005; Kuisle et al. 2006) . These changes alter the excitability of neurons and their responses to input from the neuronal network (Chen et al. 2001a) , so that the molecular pathways by which activity alters the co-association and molecular rearrangement of these ion channels is important for our understanding of neuronal function. The current studies show that heteromerization of HCN1/ HCN2 channels is increased by seizure activity concurrently with enhanced glycosylation of the HCN1 channels. Importantly, blocking HCN1 glycosylation abrogates seizure-evoked augmentation of heteromerization, implicating glycosylation of this channel in the activitydependent expression of stable heteromeric HCN1/HCN2 complexes.
Abbreviations used
HCN, hyperpolarization activated cyclic-nucleotide gated; KA, kainic acid; MW, molecular weight; OD, optical density; P2, postnatal day 2; PBS, phosphate-buffered saline; PIC, protease inhibitor cocktail; RIPA, radio-immuno-precipitation assay; SA, seizure-like activity; SDS, sodium dodecyl sulfate. Neuronal activity bursts (seizures) increase the membrane expression of heteromeric HCN1/ HCN2 channels. (a) Immunoprecipitation (IP) with an antiserum to the HCN2 channel isoform followed by western blot (WB) analysis for HCN1 shows enhanced co-association of HCN1/ HCN2 in hippocampi from animals subjected to experimental seizures (SA), as quantified in (b). The immunoreactive HCN1 band has an apparent molecular weight of ~125 kDa. The specificity of the immunoprecipitation is supported by the absence of immunoreactive band when IgG is substituted for anti-HCN2. The correspondence of the co-precipitated band to native HCN1 is demonstrated by comparing it to a WB from the same tissue. (c and d) The increased co-association of HCN1 and HCN2 isoforms is also apparent when immunoprecipitation (IP) is performed using an antiserum to HCN1 and the precipitated channels probed by WB analysis for HCN2. (e) The specificity of the HCN1 and HCN2 antisera is evident from the absence of an immunoreactive band of the appropriate molecular weight in brains from mice lacking these channels (HCN1−/− and HCN2−/−). (f) The efficiency of precipitating HCN channels with the antisera used was evaluated using escalated amounts of each anti-serum. Input and HCN2 immunoreactive bands precipitated with 1, 5, and 10 µL Seizure activity increases the proportion of glycosylated HCN1 channel molecules, but not of the HCN2 isoform. (a) Western blot (WB) analysis of HCN1 reveals two distinct HCN1immunoreactive bands of different molecular weights (MW): The lower (L) band, migrating at ~105 kDa is the predicted MW of the protein moiety, and the higher band (H) migrates at 125 kDa. Quantification of the optical density of the HCN1 bands demonstrates an increased H/L ratio from 1.8 in control tissue to 2.2 (n = 14, p < 0.001). (b) Seizure activity does not influence the ratio of the high and low apparent MW bands. (c and d) Treatment with Nglycanase eliminates the high MW band immunoreactive for HCN1 (c), or HCN2 (d), demonstrating that the high MW band is a result of N-glycosylation of the channel molecules. The high MW species of HCN1 isoforms is preferentially co-immunoprecipitated with the HCN2 isoform. Two samples of hippocampal homogenates (S1 and S2) have been subjected to immunoprecipitation either with anti-HCN1 (left panels) or with anti-HCN2 sera. The precipitate was then probed for HCN1 immunoreactivity using western blots. Two species of the HCN1 channels, of low and high apparent MWs, were precipitated with anti-HCN1, as expected. In contrast, the HCN1 species that co-immunoprecipitated with anti-HCN2 was primarily of a higher MW, i.e. glycosylated. This indicates that stable complexes (heteromeric channels) with HCN2 are formed mainly by glycosylated HCN1 channel molecules.
Fig. 5.
Tunicamycin can be used in organotypic hippocampal cultures to prevent HCN channels glycosylation, and the treatment permit evaluation of seizure-like activity (SA). (a) Exposure of cultures to 10 µg/mL of the glycosylation blocker tunicamycin does not compromise their viability. Using fluorojade as a sensitive method for neuronal injury and death, no increase in cell death was found in treated cultures compared with controls. (b) Tunicamycin applied for 72 h prevents glycosylation of HCN1 channels in a dose-dependent manner. The large majority of HCN1 channels are de-glycosylated at the dose used here 10 µg/mL. (c) Activation of the principal hippocampal neurons by SA takes place also in the presence of tunicamycin. The immediate early gene c-fos, an established marker of neuronal activation (Labiner et al. Inhibition of N-linked glycosylation abolishes the increased heteromerization of HCN1 channels by seizure-like network activity. (a) Quantitative analysis of the extent of heteromerization of HCN1 channels in organotypic hippocampal slice cultures was carried out using co-immunoprecipitation (IP), calibrated to the total amount of the HCN1 channels in the tissue. Actin was used to compare protein content among groups. As shown in the representative gels, in the absence of tunicamycin seizure-like activity (SA) increased the optical density of the HCN1 immunoreactive band that precipitated with antiserum to HCN2. However, after cultures were maintained in Tunicamycin (see text and Fig. 5 ), SA no longer
